The floral scent emission and endogenous level of its components in Petunia axillaris under different conditions (20, 25, 30, and 35 C) were investigated under the hypothesis that floral scent emission would be regulated by both metabolic and vaporization processes. The total endogenous amount of scent components decreased as the temperature increased, the total emission showing a peak at 30 C. This decrease in endogenous amount was compensated for by increased vaporization, resulting in an increase of floral scent emission from 20 C to 30 C. The ambient temperature differently and independently influenced the metabolism and vaporization of the scent compounds, and differences in vapor pressure among the scent compounds were reduced as the temperature increased. These characteristics suggest the operation of an unknown regulator to change the vaporization of floral scent.
Floral scent comprises such compounds as terpenoids, aromatics, and fatty acid derivatives which are biosynthesized via various pathways. 1, 2) They are emitted from the whole or parts of the flowers, e.g., petals and stamens. Compared with other secondary metabolites, floral scent compounds are characterized by their relatively high vapor pressures. Their boiling points are in the range of 150-350 C, so that the majority of scent compounds appear to be present as liquids, solids or in solution in tissues, and a part of the vaporized molecules behaves as 'scent' under the usual growth conditions.
We have proposed the hypothesis that floral scent emission is regulated by both metabolic and vaporization processes. Since only a part of the scent compounds is vaporized, it is conceivable that the endogenous composition profile and the ratio of the emitted amount to endogenous amount of floral scent respectively reflect the metabolic and vaporization processes. We have studied these processes by using Petunia axillaris flowers which showed a diurnal rhythm of scent output, with the strongest emission being at night. 3) Novel molecular and biochemical techniques have advanced the understanding of floral scent metabolism. Aromatic scent compounds are produced from phenylalanine 4) through multiple branching pathways, including glucosylation and its hydrolyzation in some cases. Several genes controlling floral scent biosynthesis have been cloned, including the methyl-transferase genes, SAMT and BAMT, which encode enzymes respectively catalyzing the formation of methyl salicylate and methyl benzoate. The ODORANT1 gene, an MYB-like transcription factor, has been identified and implied in the regulation of the scent biosynthetic genes in petunia. 5) We found that not only biosynthesis but also conversion into unknown compounds were important processes for regulating the endogenous amount of floral scent in P. axillaris flowers. 3) Unlike the metabolic process, little is known about the vaporization process involved in floral scent generation. Since the physiological regulation of floral scent emission does not operate in the vaporization process at 25 C, the vaporization of floral scent may be primarily controlled by physical regulation in Petunia axillaris flowers. The vaporization process was thus predicted to be affected by ambient temperature. The metabolism of floral scent could also be affected by temperature as with general secondary metabolites. It could thus be deduced that floral scent emission would change under various temperature conditions. Although this is particularly a horticulturally important problem, there has been little study of plants so far. This present study using P. axillaris could become a model to understand the effect of temperature on the floral scent of horticultural plants.
We consider that the effect of temperature on floral scent emission should be studied in respect of both metabolism and vaporization. It has been reported that the scent emitted by Trifolium repens was strongly affected by the growth temperature, with a low temperature leading to a low level of scent emission. 6) It remains unclear, however, whether the control of scent emission is due to the temperature effect on metabolic rate or vaporization, or both. We therefore examined the floral scent emission from P. axillaris at various temperatures. We report here that the temperature differently influenced the metabolism and vaporization of the scent compounds. Collection of emitted and endogenous volatiles. The emitted volatile compounds were collected for one hour (23:00-24:00) from 1-day-old flowers by the headspace method. 7) Flowers were covered with Tedlar bags (500 ml in volume; GL Science, Tokyo, Japan). A constant stream of air (approximately 500 ml/min) filtered through activated charcoal was piped through the bag, and the volatile compounds were collected in traps of Tenax-TA (60/80 mesh, 150 mg; GL Science). The relative humidity inside the bags was approx. 50%. After collecting for 1 h, the sampled flowers were harvested, the calyx removed, and the endogenous concentration of scent compounds determined. The volatiles emitted from the leaf and stem were collected in the same manner to evaluate the effect of the leaf and stem on the headspace collection; no such influence was apparent.
Materials and Methods
Preparations of the emitted volatiles for analysis. The scent compounds were extracted four times from the Tenax-TA traps by using pentane and diethyl ether (5 ml each) alternately. After ethyl decanoate (20 mg) had been added as an internal standard, the extract was dried over anhydrous sodium sulfate and concentrated at 40 C in a water bath. 7) Preparation of the endogenous volatiles for analysis. The flowers were harvested at 24:00 after collecting the emitted volatile compounds, and the flower tissues without the calyx were frozen in liquid nitrogen and ground in a mortar. The ground powder was extracted twice with pentane (5 ml each) in a microwave oven (700 W) for 20 s in the presence of ethyl decanoate (20 mg) as an internal standard, as described previously. 8) The extract was dehydrated with anhydrous sodium sulfate and concentrated at 40 C in a water bath. 7) GC-MS and GC analyses. Capillary gas chromatography-mass spectrometry (GC-MS) was performed with on Agilent 6890N gas chromatograph coupled to an Agilent 5973N mass selective detector (Agilent Technologies, Wilmington, DE, USA). 3) The GC instrument was fitted with a splitless injector and a DB-WAX capillary column (30 m length, 0.25 mm i.d., 0.25 mm film thickness). The column oven program consisted of an initial temperature of 45 C for 2 min and then a gradient of 3 C/min to 220 C. Helium was applied as the carrier gas at 1.0 ml/min, and the injection, interface and MS source temperatures were each 250 C. GC analysis was performed with an Agilent 6850 gas chromatograph (Agilent Technologies) and monitored with a flame ionization detector. The analytical conditions were the same as those used for GC-MS. The amount of each volatile was calculated by comparing with the peak area of an internal standard, and compounds being identified by a NIST02 library search (provided with the GC-MS software). This identification was crosschecked by subjecting an authentic sample to the GC-MS analysis under the same conditions.
Results

Appearance of the flowers
The corolla diameter was similar under 20 C, 25 C and 30 C conditions, and a little reduced at 35 C ( Table 1) . No other conspicuous morphological change, including injury, could be found in the flowers grown at each temperature condition ( Fig. 1 ).
Endogenous volatile compounds at 24:00
The following ten aromatic compounds were identified as volatile scent compounds in the flower organs by the GC-MS analysis: benzaldehyde, benzyl alcohol, benzyl benzoate, eugenol, iso-eugenol, methyl benzoate, methyl salicylate, phenyl acetaldehyde, 2-phenylethanol, and vanillin ( Table 2 ). The major compounds were methyl benzoate, iso-eugenol, and benzyl benzoate, these three compounds constituting more than 80% of the total amount of the identified compounds at any temperature ( Table 2 , Fig. 2 ).
Many of these compounds, including the three major ones, tended to indicate the highest amounts at 20 C and then decrease with increasing temperature. The total amounts of endogenous scent compounds also changed similarly. The proportions of iso-eugenol and methyl benzoate in the total compounds increased with increasing temperature, while that of benzyl benzoate decreased, as did the minor components.
Emitted volatile compounds in the headspace (23:00-24:00)
With the exception of eugenol, the same aromatic compounds as those identified in the flower tissues were detected in the headspace ( Table 3 ). The most abundant scent compound at all temperatures was methyl benzoate. Although benzyl benzoate and iso-eugenol were the major endogenous compounds, their proportions were less and methyl benzoate became the unique major compound in the headspace.
Many compounds tended to increase with temperature to reach a maximum at 25 C or 30 C and then drastically decreased at 35 C ( Table 3 , Fig. 2 ). Only the benzaldehyde emission decreased as the temperature increased. As a result, the total amount of emitted compounds increased with temperature to reach a maximum at 30 C and then drastically decreased at 35 C ( Table 3 , Fig. 2 ).
Relationship between the emission ratio and boiling point
The emission ratio is presented as the ratio of headspace to endogenous concentration ( Table 4 ). The emission ratios of many compounds were maxima at 25 C or 30 C, as was the total amount emitted. A nearly linear negative correlation was found between the natural logarithm of the emission ratio and the boiling point at all growth temperatures (Fig. 3) . The regression equation determined for the 25 C growth temperature (Fig. 3b ) coincided with that previously obtained under similar conditions. 3) The slope of the coefficient reduced as the temperature increased ( Fig. 3 ).
Discussion
The floral scent from P. axillaris at all temperatures was composed of aromatic compounds derived from phenylalanine as the common precursor. The total amount of endogenous scent compounds decreased as the temperature increased. As the endogenous amount of the floral scent would probably be regulated by biosynthesis and metabolic conversion in P. axillaris flowers, 9) the present results indicate that increasing temperature reduced the biosynthetic activity and/or promoted metabolic conversion activity.
Phenylalanine ammonia lyase is an enzyme catalyzing the metabolism of phenylalanine, leading to the aromatic floral scents identified in this study and the floral pigment, anthocyanin. Anthocyanin in many plants decreases as the temperature increases 10) due to the reduced activity of phenylalanine ammonia lyase. 11) A similar mechanism might operate to decrease the endogenous amount of aromatic scent compounds in P. axillaris flowers. The temperature-dependent modification of the scent composition ratio suggests that the multiple-branched metabolic network leading to each floral scent was differentially influenced by temperature. The emitted amounts of many compounds increased to reach a maximum at 25 C or 30 C. We interpret this phenomenon in that the decrease in the endogenous amount could be recovered by an increase of vapor pressure, which probably corresponds to the emission ratio. This marked difference in temperature dependence between the endogenous amount and emission ratio indicates that temperature differently and independently influenced the metabolism and vaporization of the scent compounds. This finding supports our notion that the effect of temperature on floral scent emission should be independently studied for metabolism and vaporization. The emission ratio at all temperatures was negatively correlated with the boiling point as shown in our previous study. 3) Interestingly, the physical correlation explained for a closed system was confirmed with the phenomenon in an open system such as floral scent emission. Although no substantial variation was expected in the coefficient of the regression equation in the temperature range of 20-35 C according to physical theory, the slope of the regression line reduced with increasing growth temperature. This shows that the differences in vapor pressure among the scent compounds decreased as the temperature increased. The variation found in this study suggests the operation of an unknown regulation mechanism to change the vaporization of floral scent. In addition, there is an apparent contradiction that all detected scent compounds showed higher emission ratios at 30 C than at 35 C. Since no conspicuous injury could be found in the flowers, this seems to be a natural response of normal tissues. The corolla diameter at 35 C, i.e., the surface area from which the scent compounds could evaporate, was smaller than that at other temperatures. Such a morpho- 1, benzaldehyde (bp 179 C); 2, phenylacetaldehyde (bp 195 C); 3, methyl benzoate (bp 200 C); 4, benzyl alcohol (bp 205 C); 5, 2phenylethanol (bp 221 C); 6, methyl salicylate (bp 223 C); 7, eugenol (bp 253 C); 8, iso-eugenol (bp 266 C); 9, vanillin (bp 285 C); 10, benzyl benzoate (bp 324 C). SE (n ¼ 3) is indicated by a vertical bar. logical change, e.g., the corolla size, might be one of the causes of the contradiction.
In contrast to the results of this study, there was no correlation between the vapor pressure and boiling point of each scent compound in Citrus medica. 12) There remain many unanswered questions in understanding the evaporation mechanism of a floral scent. We are now attempting to resolve the problem by analyzing microscopic and biochemical aspects. We anticipate that the information obtained in this study would help to regulate the floral scent of other horticulturally important plants such as the rose and lily. 
